The fused gene encodes a serine-threonine kinase that functions as a positive regulator of Hedgehog signal transduction in Drosophila embryogenesis, wing morphogenesis, and somatic cell development during oogenesis. Here, we have characterized the germline ovarian tumors present in adult ovaries of fused mutant females, a phenotype not observed upon deregulation of any other component of Hedgehog signaling. In the strongest fused mutant contexts, we found that tumorous ovarian follicles accumulate early spectrosome-containing germ cells corresponding to germline stem cells and/or early cystoblasts as evidenced by activated Dpp signal transduction and transcriptional repression of bag-of-marbles, encoding the cystoblast determination factor. These early germ cells are maintained far from their usual position in a specialized niche of somatic cells in the apical part of the germarium, which appears normal in size in fused mutant ovarioles. Therefore, these results indicate a novel function for fused in downregulation of Dpp signaling which is necessary for de-repression of bag-of-marbles and consequent cystoblast determination. The abnormal accumulation of these early germ cells seems to be due primarily to defects in differentiation since we show that germline stem cell proliferation in the germarium is not affected. A later block in germline development, at the 16-cell cyst stage before significant nurse cell and oocyte differentiation, was also observed in tumorous follicles when fused function was only partially lowered. Finally, fused mutant ovaries exhibit some germline cysts having undergone a supernumerary fifth mitotic division. Through clonal analysis, we provide evidence that fused regulates these cystocyte divisions cell autonomously, while the tumorous phenotype probably reflects both a somatic and germline requirement for fused for cyst and follicle development. q
Introduction
Regulation of cell proliferation and differentiation during the development of multicellular organisms has been shown to involve intercellular signaling via a relatively small number of highly conserved and reutilised signaling pathways (for example, Dpp/TGFb, Wg/WNT, Hedgehog, EGFR).
Drosophila oogenesis represents an excellent system in which to analyze regulatory intercellular signaling because production of ovarian follicles, which is continuous throughout adult life, involves a high degree of coordination between the proliferation and differentiation programs of two cell lineages, soma and germline.
Each adult ovary is composed of about 20 linear strings of maturing follicles called ovarioles (for review see Spradling, 1993) . Follicles are formed in the most anterior part of the ovariole, the germarium, and mature progressively towards the posterior part of this autonomous unit of the ovary. The germarium has been divided into three distinct subregions according to morphological criteria. Anterior region 1 contains 2-3 germline stem cells (GSCs) identified by clonal analysis (Wieschaus and Szabad, 1979) and laser ablation studies (Lin and Spradling, 1993) , and marked by the presence of a spherical cytoplasmic structure called the spectrosome (Lin et al., 1994) . GSC division is asymmetric and polarized, generating both a daughter stem cell that remains in an anterior position and a differentiated daughter cell, called a cystoblast, that takes a more posterior position. Each cystoblast undergoes exactly four rounds of synchronous and stereotyped mitosis with incomplete cytokinesis to produce a syncitium of 16 cystocytes known as a germline cyst. Cystocytes are connected to each other via stable intercellular bridges named ring canals.
In addition, germ cell cluster formation is accompanied by growth of a vesicular-and membrane skeletal protein-rich organelle called the fusome, which forms a branched structure extending through all the ring canals (de Cuevas et al., 1997; McKearin, 1997) . Once in region 2a, complete cysts then mature and become enveloped individually in region 2b by inwardly migrating somatic cells (or prefollicular cells) deriving from approximately two somatic stem cells lying at the border between regions 2a and b. Germline sister cells acquire different cell fates since in each cyst one cystocyte is determined to become the oocyte, while the 15 remaining will differentiate as nurse cells. The prefollicular somatic cell population also diverges in germarial region 2b to give rise to distinct cell types including interfollicular stalk cells (which individuate follicles) and follicular cells (which form a polarized epithelium around each follicle). The posteriormost region of the germarium, region 3, corresponds to a stage 1 follicle (according to Spradling, 1993 ) that will bud off upon completion of stalk formation. Some of the key steps in germline development during early phases of Drosophila oogenesis are, thus, (1) maintenance and proliferation of a population of GSCs, (2) cystoblast determination, (3) highly controlled and stereotyped mitosis giving rise to a germline cyst, and (4) cystocyte differentiation into oocyte and nurse cells. Strikingly, both extrinsic and intrinsic regulatory mechanisms are involved in these developmental programs (Cox et al., 1998 (Cox et al., , 2000 Forbes and Lehmann, 1998; Jones, 2001; Lin, 1998; Lin and Spradling, 1997; Spradling et al., 2001; Spradling, 1998, 2000) . One group of mutants, termed the ovarian tumor mutants, seems to control at least some aspects of germ cell proliferation and differentiation during early oogenesis. These mutants have been divided into two classes based on the nature of the germline developmental defects observed. Loss-of-function mutations in bag-of-marbles (bam) and benign gonial cell neoplasm (bgcn) lead to overproliferation of germline stem cells and overexpression studies indicate a role for these two genes in cystoblast determination (Lavoie et al., 1999; McKearin and Ohlstein, 1995; McKearin and Spradling, 1990; Ohlstein et al., 2000) . Interestingly, Dpp/BMP signaling emanating from anterior somatic cells (terminal filament and cap cells) forming a specialized niche is necessary to repress bam transcription in germline stem cells, thereby maintaining these cells in an undifferentiated state (Chen and McKearin, 2003a,b; Song et al., 2004) . Similar interconnected functions have been reported for Dpp/BMP, bam and bgcn in germ cell development during spermatogenesis (Gonczy et al., 1997; Kawase et al., 2004; Shivdasani and Ingham, 2003) .
In contrast, other mutants of the ovarian tumor class (Sex lethal, sans fille, ovo, and ovarian tumor) only affect female germ cell development (Bopp et al., 1993 (Bopp et al., , 1999 Hinson et al., 1999; King and Storto, 1988; Salz, 1992) . Because this group of mutants includes Sex lethal, which has been characterized as the master regulator of somatic cell sexual identity (Slee and Bownes, 1990) , and sans fille, a regulator of female-specific splicing of Sxl transcripts (Salz, 1992) , the ovarian tumors associated with mutations in these genes were hypothesized to represent sexual transformation of female germ cells (Bopp et al., 1993 (Bopp et al., , 1999 Oliver et al., 1993; Pauli et al., 1993; Wei et al., 1994) . However, further analysis have suggested that Sxl and the other genes in this group only regulate some aspects of germline female sexual identity and these genes may have more specific functions in early ovarian germline cyst differentiation (Bae et al., 1994; Hinson et al., 1999) .
Mutations in the fused (fu) gene, which encodes a serine/threonine kinase previously identified as a positive effector of the Hedgehog (Hh) signal transduction pathway in Drosophila embryonic and imaginal disc development (Alves et al., 1998; Ingham, 1993; Limbourg-Bouchon et al., 1991; Sanchez-Herrero et al., 1996) , are also associated with the production of poorly-characterized ovarian germline tumors (Bopp et al., 1993; Busson et al., 1988; King, 1970; Oliver et al., 1993 ). Although we have previously shown a role during oogenesis for Fu-dependent classical Hh signal transduction for somatic cell differentiation during follicle formation (Besse et al., 2002) , fu is the only component of Hedgehog signaling whose mutations give rise to an ovarian tumor phenotype (Besse et al., 2002; Forbes et al., 1996a,b; Vied and Horabin, 2001; Besse and Pret, unpublished results) . Here, we characterize defects in germline development associated with fu mutations and find that, depending on the strength of the allelic combinations used, fu mutant females present two types of tumorous follicles containing early germ cells blocked at one of two different points, cystoblast determination or nurse cell/ oocyte differentiation. In addition, fu mutant ovaries contain germline cysts having undergone a supernumerary round of mitosis. Finally, using clonal analysis we show that fu encodes a germline-specific function for the control of these cyst divisions and that fu ovarian tumors likely result from an absence of fu function in both somatic and germline cells.
Materials and methods

Fly strains
Several fu alleles described in Busson et al. (1988) were analyzed: fu 1 and fu JB3 belong to class I alleles, fu A and fu G3 belong to class II alleles, fu Z4 to class 0 alleles. Class I and class II alleles were identified genetically (Therond et al., 1996) .
The BC69/CyO enhancer-trap line corresponds to an insertion into the vasa locus and was used for germline specific X-Gal staining (Ruohola et al., 1991) . The hh-lacZ line was used to mark somatic niche cells (Forbes et al., 1996a) . The PZ element in dad-lacZ was localized within the 5 0 UTR of the dad gene and was expressed strongly only in GSCs and weakly in young cystoblasts (Kai and Spradling, 2003) . The bamp-Bam:GFP transgene, in which the BAM:GFP coding sequences are driven by the bam promoter, was used to study bam transcription (Chen and McKearin, 2003a) .
Follicle staining procedure
Immunocytochemistry of adult ovary staining was performed as described in McKearin and Ohlstein (1995) . The following antibodies were used in this study: mouse monoclonal anti-Hts 1B1 (1:5; Developmental Studies Hybridoma Bank {DSHB}), mouse monoclonal anti-Orb 6H4 (1:30; DSHB), mouse monoclonal anti-HtsRC (1:1, DSHB), rabbit polyclonal anti-C3G (1:1000, Hong et al., 2003) , rabbit polyclonal anti-a-Spectrin (1:1000; Byers et al., 1987) , rabbit polyclonal anti-b-galactosidase (1:1000; Cappel), mouse monoclonal anti-GFP (1:200; Roche), rabbit polyclonal anti-GFP (1:1000; Molecular Probes), mouse monoclonal anti-BrdU (1:20; Amersham) and rabbit polyclonal anti-phospho-Histone H3 (1:1000; Upstate Biotechnology). Fluorescence-conjugated secondary antibodies were purchased either from Jackson Immunoresearch Laboratories, or from Molecular Probes. In both cases they were used at a 1:200 dilution. Actin was labelled with rhodamineconjugated phalloidin (Molecular Probes) at 0.1 mg/mL for 20 min in PBS. All samples were mounted in cytifluor (Kent).
For BrdU labeling, ovaries were dissected in Drosophila Schneider's medium (Gibco) and incubated in 1 mg of BrdU (Sigma) per mL in Schneider's medium for 1 h and 45 min. Ovaries were washed three times for 10 min in PBS and then fixed in 4% formaldehyde in PBT (PBS plus 0.1% Tween 20) for 20 min. After three washes in PBT, ovaries were incubated in HCl 2 N for 30 min and washed with Borax 100 mM for 2 min. After three washes in PBT, ovaries were blocked in PBTA (PBT plus BSA 1.5%) and the subsequent staining procedure was performed as previously described.
The DAPI staining procedure was performed as described previously (Besse et al., 2002) . Samples were examined either with a Leica DMR microscope or by confocal microscopy using a Leica DMR-BE microscope.
b-galactosidase activity detection was performed as described (Grammont et al., 1997) .
Clonal analysis
FRT-mediated recombination events were induced using either hsp-flp or ovo-flp (Brun and Desplan, unpublished results) transgenes, and revealed by loss of nuclear GFP expression. FRT18A ubi-GFP/Y; hsp-flp or ovo-flp/C males were mated to FRT18A fu X /FM6 females to produce FRT18A fu X / FRT18A ubi-GFP; hsp-flp or ovo-flp/C females (fu X denotes fu JB3 or fu G3 allele). From the moment the cross was started, flies were kept at 25 8C and dissected about 8 days after eclosion.
Results
fused tumorous follicles accumulate poorly differentiated germline cells
As previously observed by R.C. King in the late 1950s , we found that fu mutant females contain so-called ovarian germline tumors as evidenced by DAPI nuclear staining and germline-specific expression of the BC69/vasa-lacZ enhancer trap line. In wildtype ovarioles, DAPI nuclear staining reveals the progressive development of germline cells from the very small nuclei of young cystocytes in the germarium (Fig. 1A, bar) to the enormous polyploïd nuclei of differentiated nurse cells in advanced stage follicles (Fig. 1A) . We analyzed ovaries from females homozygous for different fu hypomorphic alleles, including either class I alleles specifically affecting the N-terminal catalytic domain of the kinase (fu 1 and fu JB3 ), or class II alleles affecting the C-terminal regulatory region of Fu (fu A and fu G3 ) (Therond et al., 1996) . For both classes, DAPI staining reveals the presence of tumorous follicles filled with tens to hundreds of cells with small non-polyploïd nuclei enveloped by a regular follicular epithelium (Fig. 1B,C asterisks) . Some fu mutant ovarioles contained exclusively tumorous follicles (Fig. 1C ) and in this case the last follicle of the ovariole frequently showed obvious signs of degeneration as evidenced by characteristic DAPI staining of pycnotic nuclei (data not shown). Other fu mutant ovarioles contained both tumorous follicles and wild-type follicles with the correct number (15) of polyploïd nurse cell nuclei (Fig. 1B) .
In wild-type females, the BC69/vasa-lacZ enhancer-trap line is expressed specifically in the nuclei of the small early germ cells of the germarium (Fig. 1D, asterisk) , as well as in those of the large nurse cells and oocytes of developing follicles ( Fig. 1D , white triangle), whereas follicular cells are devoid of expression ( Fig. 1D , black arrowhead). In ovarioles mutant for either class I or II fu alleles, we observed that tumorous follicles contain numerous small vasa-expressing germ cells (Fig. 1E , white triangle), which have not grown in size relative to their germarial counterparts (Fig. 1E, asterisks) . These results, therefore, indicate that fu tumorous follicles correspond to the accumulation of poorly differentiated germ cells within a single follicle with a regular somatic epithelium (Fig. 1E , black arrowhead).
We quantified the proportion of tumorous ovarioles in females carrying different class I and II fu hypomorphic alleles (Fig. 1F ). The proportion of ovarioles with tumorous follicles as assayed by DAPI staining varied significantly depending on the allele (from 7 to 85%) and could be correlated with the fecundity reported for the allele (Busson et al., 1988) . However, it was not possible to correlate the severity of the tumorous phenotype with the class of fu allele since each class contains fu alleles associated with both strong and weaker penetrance for this phenotype (Fig. 1F) . A third class of fused allele, class 0, is associated with pupal lethality and can only be tested using clonal analysis (see below). However, we analyzed transheterozygous combinations between different fu alleles or between fu alleles and the small deletion that uncovers fu and 4 other coding sequences (fu Z4 , class 0), and observed an increased proportion of tumorous ovarioles compared to homozygotes (Fig. 1F) . Finally, the proportion of tumorous ovarioles increased with both increasing age ( Fig. 1F ) and increasing temperature (data not shown), except for those fu transheterozygous genotypes already showing a high proportion of tumorous ovarioles at a young age.
Strong hypomorphic fused mutations lead to tumorous follicles containing germline stem cells and/or undetermined cystoblasts exhibiting activated Dpp signal transduction
In order to better characterize the nature of the fu tumorous follicles, several markers were used to identify the stage of development of germline cells in these follicles. For this analysis, we examined fu homozygous females bearing either class I or II alleles, as well as transheterozygous combinations between different fu alleles (class I and II) or between these hypomorphic fu alleles and the small deletion fu Z4 which result in a high proportion of tumorous ovarioles (Fig. 1F) . Although no qualitative differences distinguished the tumorous follicles in fu class I vs. class II homozygotes, the tumorous follicles in the weaker and stronger hypomorphic fu contexts could be divided into two classes based on blocks at earlier and later stages of germline development, respectively. It is important to note however that the two classes are not mutually exclusive, but rather reflect the predominant phenotype for the weaker and stronger hypomorphic fu contexts.
The Hts/Adducin protein accumulates in the spectrosomes of germline stem cells and cystoblasts in region 1 of the germarium, and in the fusomes present in early germline cysts in regions 1-2b and is absent in germline cysts in region 3 and the vitellarium ( Fig. 2A,A  0 ) . Surprisingly, in strong hypomorphic fu mutants, tumorous follicles which have budded from the germarium contain spectrosome-containing cells, as well as young cysts with low-level fusome branching as revealed by Hts/Adducin immunodetection ( Fig. 2B 00 and D 0 , inset). In conjunction with this fusome marker, we also used another early germline marker: a transgene containing the bam promoter and coding sequence fused to the GFP coding sequence which is expressed at a high level specifically in differentiated cystoblasts and in dividing germline cysts in region 1 (2-8 cell cysts), at a low level in 16-cell germline cysts in region 2 and not at all in germline cysts from region 3 onward ( Fig. 2A 0 ,A 00 and Chen and McKearin, 2003a) . The fu mutant spectrosome-containing cells do not express the bampBam:GFP construct (Fig. 2B  00 ), indicating that they are either germline stem cells or early undetermined cystoblasts.
Repression of the bam promoter is necessary to maintain GSCs and early cystoblasts in an undifferentiated state and occurs as a response to short-range Dpp signaling emanating from the somatic cells in the germarium comprising the GSC niche (Song et al., 2004) . Dpp signaling activity can be monitored by dad and phosphorylated Mad (pMad) expression (Tanimoto et al., 2000; Tsuneizumi et al., 1997) . Dad is a dpp target gene and the dad-lacZ line recapitulates its expression: this line is expressed in GSCs (Fig. 2C 0 , arrow) and in early cystoblasts at high levels ( Fig. 2C 0 , arrowheads), but at much lower levels in the late cystoblasts (data not shown and Kai and Spradling, 2003) . In a fu mutant context exhibiting a high proportion of spectrosome-containing germline cells in both germaria and tumorous follicles (Fig. 2D 0 , inset), a high level of dad-lacZ reporter gene expression was observed in these cells (Fig. 2D 0 ). Double labeling for dad-lacZ and bampBam:GFP expression showed that dad-lacZ C cells in fu tumorous follicles that have budded from the germarium do not express, or at very low levels, bamp-Bam:GFP (Fig. 2E,E 0 , arrows) indicating that these cells are not determined 
staining of a dad-lacZ control germarium (C,C 0 ) and a fu JB3 /fu Z4 ; dad-lacZ germarium and tumorous follicle (D,D 0 ). The control germarium shows high dad-lacZ expression in a GSC (arrow) and in early cystoblasts (arrowheads). dad-lacZ is not expressed in maturing germline cysts. In the fu mutant germarium and tumorous follicle, virtually all of the germ cells contain Hts-positive spectrosomes and express dad-lacZ at high levels.
G 0 and G 00 correspond to two different focal planes of the same germarium. Germaria and first follicles show an accumulation of early germ cells with high dad expression and no bam expression corresponding to GSC and early cystoblasts (E,E 0 , arrows), low dad and bam expression in determined cystoblasts (G 00 , arrowheads) and no dad expression and high bam expression in late cystoblasts/early germline cysts (E, E 0 , arrowhead). All ovarioles are presented with the anterior towards the left.
cystoblasts. Older follicles in these same ovarioles exhibited downregulation of dad-lacZ associated with upregulation of bamp-Bam:GFP (Fig. 2E ,E 0 , arrowheads) indicative of a transition towards a determined-cystoblast/cystocyte state. dad-lacZ and bamp-Bam:GFP expression were largely mutually exclusive in fu tumorous follicles even when expressed in germline cells present in the same follicle (2F 0 ,G 0 ,G 00 ). However, we also observed some follicles with germline cells expressing low levels of both dad-lacZ and bamp-Bam:GFP (Fig. 2G 00 , arrowheads for typical examples) probably representing determined cystoblasts. Therefore, in the stronger hypomorphic fu mutant ovaries, Dpp-activated GSC and/or undetermined cystoblasts are present in follicles far removed from the germline stem cell niche in the germarium, where they are normally maintained in wild-type ovarioles. These early germ cells likely give rise to the determined cystoblasts/cystocytes observed, but this transition, usually occurring only in region 1 of the germarium, is severely delayed and may be attributed to residual fu activity in these hypomorphic mutants.
3.3. Weaker hypomorphic fused mutations lead to tumorous follicles exhibiting 16-cell germline cysts blocked before nurse cell and oocyte differentiation Analysis of females homozygous for hypomorphic fu alleles (class I or II homozygotes) which present a lower proportion of tumorous follicles (Fig. 1F ) indicated a later block in germline development than that observed for stronger transheterozygous combinations of fu alleles. Immunodetection of both Hts/ Adducin and a-spectrin revealed the presence of numerous fusomes with varying degrees of branching, including the characteristic highly-branched 16-cell cyst fusomes normally found only in regions 2a and b of the germarium (Fig. 3C and data not shown for Hts). A late germarial marker, Hts-RC, also allows staging of germline cysts. In wild-type germaria, antibodies raised against this cytoskeletal component stain ring canals between cystocytes starting in late region 2b and persisting in maturing follicles in the vitellarium (Fig. 3B) . Two classes of 16-cell fusomes were observed in fu tumorous follicles: those without Hts-RC staining of ring canals, characteristic of young region 2a/b cysts (Fig. 3C, arrow) , and those with Hts-RC staining of ring canals, characteristic of older regions 2b and 3 cysts (Fig. 3C, inset) .
The presence of mature 16-cell cysts in fu tumorous follicles prompted us to determine whether oocyte determination occurs in these cysts. In the wild-type, the Orb protein is expressed at low levels and diffusely in germline cysts in region 2a, the levels increasing in region 2b, in particular in the two pro-oocytes, and finally, accumulating preferentially in the oocyte as of late regions 2b and 3 and in the vitellarium (Fig. 3A 0 , blue). Double staining for Orb and bamp-Bam:GFP showed that, in fact, two mutually exclusive classes of germline cysts are present in fu tumorous follicles, younger cysts expressing bamp-Bam:GFP (Fig. 3D, green) but not Orb, and older cysts expressing only Orb (Fig. 3D, red) . Immunostaining of the C3G protein allows visualization of the synaptonemal complex, which is also present first in the two pro-oocytes in region 2b of the germarium and, subsequently, is maintained only in the oocyte (Fig. 3E,  green) . This marker showed that fu tumorous follicles contain germline cysts with the synaptonemal complex in two adjacent pro-oocytes (Fig. 3F-arrowheads) , as well as others, in which the synaptonemal complex is present only in the oocyte (Fig. 3F-arrows) . Therefore, in hypomorphic fu mutant contexts, residual fu activity likely allows germline development to proceed to the 16-cell cyst stage and oocyte determination to occur. However, further growth and differentiation of nurse cells and oocytes is largely blocked.
3.4. fused tumorous follicles do not result from an increase in the rate of germline stem cell division in the niche but are associated with an excess of spectrosome-containing cells in the germarium
In order to investigate the origin of the tumorous follicles in fu mutants, we analyzed germarial development. It has been shown that anterior-most somatic cells in the germarium, the terminal filament and cap cells specifically, act as a germline stem cell niche. Overexpression of signaling molecules such as Dpp in other somatic cells of the germarium, thereby increasing the size of the niche, blocks GSC differentiation and leads to an increase in the number of GSCs that fill up the germarium (germarial tumors) Spradling, 1998, 2000) . We therefore used the hh-lacZ construct in order to specifically mark the somatic cells of the niche and determine if the number and/or disposition of these cells is modified in fu mutant ovaries (Forbes et al., 1996a ). We did not observe any difference in the size of the somatic niche, at least as defined by this marker, between wild-type ( Fig. 4A ) and fu germaria, whether the latter were less severely- (Fig. 4B ) or severelyaffected (Fig. 4C) .
Using Hts or a-spectrin staining of spectrosomes and fusomes, the bamp-Bam:GFP construct to mark early developing germline cysts, and Orb for detection of the determined oocyte, several different types of abnormal germaria were observed in fu mutant ovaries. (1) Germaria exhibiting relatively normal encapsulation of individual germline cysts with oocyte-specific expression of Orb in region 3, nonetheless showed an excess of spectrosome-containing cells in region 1 (Fig. 4F ) compared to wild-type (Fig. 4D 00 ). (2) A second class of germaria, showing no individual encapsulation of germline cysts in region 3 and consequent production of tumorous follicles, were swollen and misshapen with an abnormal accumulation of early germline cells exhibiting either spectrosomes and no bamp-Bam:GFP expression, or fusomes with a low level of branching and high bamp-Bam-GFP expression (Fig. 4E,E 0 , compare to wild-type in 4D,D 0 ). (3) Finally, a third class of germaria, also associated with production of tumorous follicles, contained only numerous spectrosome-containing cells with no bamp-Bam:GFP expression (Fig. 4G,G  0 ) . Therefore, irrespective of the severity of the tumorous phenotype in fu mutant ovarioles, an excess of spectrosome-containing cells could be observed in the germarium.
The qualitative differences observed between wild-type and fu mutant germaria prompted us to quantitate the difference. We used the Hts marker for spectrosomes and fusomes to identify the stage of development of germline cells in fu mutant germaria (Fig. 4B,C) compared to wild-type germaria (Fig. 4A) . Germline stem cells were classified as spectrosome-containing cells that contact somatic cap cells at the anterior-most end of the germaria (Fig. 4A-C) . We use the term cystoblasts to refer to spectrosome-containing cells removed from this niche, though the true nature of these cells, GSC or cystoblast, remains to be determined with certainty. 2-to 16-cell cysts can be distinguished by the shape of the fusome (de Cuevas et al., 1997). As expected based on the criteria used, there were approximately the same number of GSCs in homozygous versus heterozygous fu JB3 females (Fig. 5A ). However, a significantly higher average number of cystoblasts was observed in germaria from fu JB3 homozygous versus heterozygous females (Fig. 5A) . Indeed, while the majority of fu JB3 heterozygotes had 1-2 cystoblasts/germarium with a maximum of four cystoblasts/germarium, 42% of germaria in fu homozygotes had more than six cystoblasts with a maximum of 19 cystoblasts/germarium (Fig. 5B) . This large excess of cystoblasts in germaria from fu JB3 homozygous females did not lead to an increased accumulation of 2-16 cell germline cysts. Indeed, fu JB3 germaria did not contain a significantly different average number of 2-, 4-or 8-cell cysts and the number of 16-cell cysts was significantly lower compared to the control (Fig. 5A) .
The excess number of cystoblasts in fu mutant germaria could originate from an increase in the rate of GSC proliferation. The rate of GSC division was thus assayed by counting the number of GSC undergoing mitosis in a given germarium at a given time, as evidenced by incorporation of BrdU during replication. The term GSC was attributed as above (i.e. contact with the somatic niche cells), as the average number of GSC defined this way does not differ between fu mutants and wild-type (Fig. 5A ). For various homozygous and transheteroygous fu contexts examined, there was not a significant difference in the percentage of germaria with a BrdU-positive GSC compared to controls (Fig. 5C) .
A second marker for GSC division was also used, the characteristic shape of GSC telophase spectrosomes in the form of an 'exclamation point ' (Figs. 2A 00 and 4D 00 , arrowhead for examples). We defined a GSC mitotic index as the mean ratio between the number of mitotically active GSCs and the total number of GSCs present in a given germarium (Cox et al., 2000) . Using such criteria, we did not find any significant difference in the rate of germline stem cell division between germaria from fu JB3 homozygous mutants and germaria from fu JB3 /fu C heterozygous sisters (0.27 and 0.37, respectively, PZ0.1). If anything, the GSC mitotic index in fu mutants is slightly lower than that of control females.
Removing fused function specifically from either germline cells or somatic cells is not sufficient to produce tumorous follicles
In order to determine whether tumorous ovarioles correspond to a requirement for fu function within germline or somatic cells, both of which express this gene (Besse et al., 2002) , we first looked for tumorous phenotypes in females with fu mutant clones induced specifically in somatic stem cells and their descendants by using the e22c-Gal4 and UAS-flp transgenes. No tumorous follicles were found among hundreds of ovarioles with fu mutant somatic cell clones observed (data not shown and Besse et al., 2002) . Therefore, we next induced germline clones using either hsp-flp or ovo-flp transgenes to induce flipase expression. Obtention of ovarioles containing fu mutant germ cells turned out to be difficult because fu function is also necessary earlier during pupal stages for ovary morphogenesis. Indeed, induction of fu germline clones is associated with the appearance of a large number of agametic ovarioles in the adult due to perturbed incorporation of germ cells into ovarioles during ovary formation (Besse et al., 2005) . Nonetheless, some ovarioles bearing fu class I or II germline clones were obtained, though none could be obtained for the fu Z4 class 0 allele. Under such conditions, some tumorous follicles were observed, but at a very low frequency compared to that observed in fu mutant females. For example, only 4.4% of ovarioles with tumorous follicles were observed among ovarioles recovered bearing fu G3 germline clones (nZ45) induced with the hsp-flp transgene. No tumorous follicles were observed among ovarioles bearing fu JB3 germline clones using the hsp-flp transgene (nZ12) and no tumorous follicles were observed using the ovo-flp transgene for induction of germline clones with any of the fu alleles tested (class I and II, fu G3 , fu JB3 , fu A ). These results can thus be interpreted as reflecting a requirement for fu function in germ cells and/or somatic cells.
fused follicles contain 32-cell germline cysts
Upon further analysis, an additional phenotype concerning germline cyst development was observed in ovaries dissected from females homozygous or transheterozygous for various fu alleles. Wild-type follicles invariantly contain 16-cell germline cysts with 15 polyploïd nurse cells (Fig. 6A ) and 1 Orb-positive oocyte (Fig. 6A 0 , arrowhead) with 4 ring canals (Fig. 6A 00 , asterisk). In contrast, follicles with double the number of nurse cell nuclei showing a similar level of polyploidization (Fig. 6B) were reproducibly found in all fu mutant contexts examined including both class I and II alleles (fu A , fu 1 , fu G3 , fu JB3 ). Such chambers contain only one Orb-expressing oocyte (Fig. 6B 0 , arrowhead) with five ring canals (Fig. 6B, inset) , and therefore correspond to one cyst having undergone an extra round of mitosis.
Cysts having undergone an extra mitosis seem also to be present in fu tumorous follicles as revealed by the extreme degree of ramification of some of the fusomes (Fig. 6C, arrows and Lilly et al., 2000) . In addition, we used anti-phosphohistone3 (PH3) antibodies to detect germline cells undergoing mitosis at a given time. While only GSC to 8-cell cysts in the germaria are recognized by these antibodies in wild-type females (data not shown), mitotically active PH3 C 16-cell (and younger) cysts can be observed in fu tumorous follicles (Fig. 6C 0 , inset). Since, these 16-cell cysts are mitotically active, they will probably give rise to 32-cell cysts. These results therefore indicate that fu function participates to the control of the number of germline cyst divisions.
Given that fu is expressed in both germline and somatic cells of the ovary (Besse et al., 2002; Vied and Horabin, 2001 ), we . The P values (calculated using a Student's t-test) indicate that there is not a significant difference between the fu mutants and the controls.
wondered in which lineage fu activity is required to control germline cyst mitosis. We therefore generated mutant clones, either specifically within the somatic cell line using the somatic stem cell driver e22c-Gal4 to induce flipase expression, or within both germline and somatic cells using a hsp-flp transgene. Clones were detected by loss of either tub-lacZ or ubi-GFP reporter expression. While no follicles with one cyst having undergone an extra round of mitosis were recovered after generation of fu somatic cell clones (Besse et al., 2002) , 32-cell cysts with one oocyte containing five ring canals were obtained (Fig. 6D,D 0 ) in 16% of ovarioles with fu G3 germline clones (GFP -) and otherwise wild-type (GFP C ) somatic cells (nZ45). Germline clones obtained with the fu JB3 allele also gave rise to germline cysts exhibiting this phenotype (25%, nZ12). For comparison, less than 1% (1/112) of the ovarioles bearing control fu C clones contained a germline cyst having undergone a fifth round of mitotic divisions. These results therefore suggest that fu function in the germline participates to the control of the number of germline cyst mitosis. 
Discussion
The fused ovarian tumor phenotype, like that of other ovarian tumor mutants in Drosophila melanogaster, was discovered several decades ago, but the precise characterization of the associated germline defects has not been carried out until now. The characteristics of fused ovarian tumors, based on past and present studies can be summarized as follows:
(1) fused mutations affect female, but not male, germline development; (2) fused ovarian tumors likely reflect both a somatic and germline requirement for fused function; (3) fused mutations affect female germline development at three points: (i) cystoblast determination, (ii) nurse cell/oocyte differentiation and (iii) four rounds of cystocyte mitosis; (4) fused function in germline cyst development is largely Hhindependent (see Section 1), while our present work shows that Dpp signaling is deregulated by fused mutations.
Our analysis of ovarian tumors from females bearing strong and weaker fused mutant alleles reveals blocks at two points in germline development, cystoblast determination and nurse cell/oocyte differentiation, respectively. In females carrying strong hypomorphic fu alleles (class I or II) over a small deficiency fu Z4 (class 0), the majority of the ovarioles are abnormal and tumorous germaria and follicles are filled with spectrosome-containing germ cells expressing the dad-lacZ Dpp target reporter transgene and not expressing the bampBam:GFP construct, characteristics shared with germline stem cells and early undetermined cystoblasts (Song et al., 2004) . Indeed, maintenance of germline stem cells has been shown to require repression of bam transcription via Dpp/BMP signal transduction and consequent phosphorylated-Mad binding to a silencer element in the bam promoter (Chen and McKearin, 2003a,b; Song et al., 2004) . In wild-type, bam repression occurs only at the apical end of the germarium because of the existence of a somatic cell niche (terminal filament and cap cells), in which dpp/bmp is specifically expressed, while cystoblast differentiation requires bam de-repression as the germ cells move away from the Dpp-expressing niche. In fu tumorous ovarioles, dad-lacZ expression and bam promoter repression is maintained at a considerable distance from the apical end of the germarium, eventhough the size of the somatic cell niche is not altered as assayed by specific expression of a hh-lacZ reporter construct. In addition, we show that the excess in Dpp-activated early germ cells in fu mutant ovarioles cannot be attributed to elevated mitotic activity of the germline stem cells in the niche. It is not clear, however, whether the Dpp-activated early germ cells in fu mutants are latent or continue dividing with complete cytokinesis to give two spectrosome-containing daughter cells. Nonetheless, our results suggest a novel Hh-independent function for fu in Dpp signaling: fu function may be necessary to restrict Dpp signal production in somatic cells or to downregulate Dpp signal transduction in early germ cells so that bam transcription may be de-repressed allowing consequent cystoblast differentiation to occur. In fu mutants, an elevated level of Dpp signal or of Dpp signal transduction would lead to extended repression of bam and maintenance of the GSC/early cystoblast state beyond the niche. Unlike fu, however, mutations in bam affect both female and male germ cell development in Drosophila. Since germline stem cell maintenance and bam repression in the testis depends primarily on Gbb/BMP signaling, rather than on Dpp signaling like in the ovary , it is possible that fu mutations specifically perturb Dpp signaling and, therefore, only affect oogenesis.
Analysis of weaker fu hypomorphic contexts revealed a different type of tumorous follicle exhibiting a later block in germline development. Females homozygous for different hypomorphic fu alleles (class I and II) present a low to moderately high proportion of tumorous follicles. In these females, tumorous follicles contain dozens of disorganized, immature germline cysts, including numerous 16-cell cysts (and probably 32-cell cysts, see below) blocked before significant nurse cell and oocyte maturation. Although these germline cysts are present in follicles that have separated from the germarium, they exhibit characteristics of cysts normally found only in the germarium, like the presence of branched fusomes and indicators of mitotic activity (bamp-Bam:GFP construct and Phosphohistone H3). Even though oocyte determination does occur in some of the germline cysts in these fu tumorous follicles, as evidenced by oocyte-specific expression of Orb and the synaptonemal complex component C3G, further growth and maturation of nurse cells and oocyte is impeded. It is not possible to affirm, however, whether the block in nurse cell and oocyte development in these follicles reflects a direct role for fu in this specific step of the differentiation program or an indirect effect of the perturbation of interdependent processes. Indeed, one possibility is that inclusion of numerous cysts in one follicle leads to a block in further cyst development due to reduced efficiency of crucial intercellular communication between somatic and germ cells. In favour of this hypothesis, when only a few germline cysts are present in a follicle (2-4 cysts) due to defects in encapsulation by fu mutant prefollicular cells, significant nurse cell and oocyte development is observed (Fig. 2B,F and Besse et al., 2002) .
Finally, analysis of fu mutant ovaries revealed another defect concerning germline cyst development, in particular, the presence of cysts having undergone a supernumerary mitotic division, that is five rounds of mitosis instead of four, producing 31 nurse cells and one oocyte with five ring canals. Significantly, this defect is detected upon induction of fu mutant germline clones, but is not encountered upon induction of fu mutant prefollicular cell clones, thereby indicating that cell autonomous fu function contributes to cell cycle arrest after the fourth round of cystocyte divisions. This mutant phenotype is of particular interest since few factors controlling the number of germline cyst divisions have been identified so far. However, the existence of a 'counting factor', whose quantity would be limiting after four rounds of mitosis has long been postulated. The cytoplasmic Bam protein has some characteristics of such a factor since it accumulates specifically in dividing cystocytes (McKearin and Ohlstein, 1995; McKearin and Spradling, 1990) . In addition, a genetic interaction has been shown between bam and encore, the latter encoding a gene function specifically required for restriction of germline cyst division (Hawkins et al., 1996) . Using a bam pbam:GFP transgene we show that expression of this reporter persists abnormally in 16-cell cysts in fu tumorous follicles. In addition, other markers that are normally expressed only in germline cysts in the germarium, including the fusome, also linger on in germline cysts in fu tumorous follicles indicating severely delayed development of these cysts. These are therefore likely important elements contributing to the disturbance of a counting mechanism and, consequently, occurrence of a fifth mitotic division in some germline cysts in fu mutant ovarioles. How fu function participates, directly or indirectly, to this counting mechanism is not clear, but our results provide a link between fu and cell cycle control.
We have previously shown that fused is expressed in both somatic and germline cells of the ovary (Besse et al., 2002) . Although induction of either fu mutant germline clones or fu mutant prefollicular cell clones, produces cell autonomous defects in cyst development (fifth mitotic division, see above) and cyst encapsulation by prefollicular cells (Besse et al., 2002) , respectively, this type of analysis did not lead to the production of ovarian tumors. It is possible that the tumorous phenotype in fu mutants reflects both a somatic and germline requirement for fu function. In view of our results, one other attractive hypothesis is that fu function may be necessary in anterior somatic cells of the germarium (difficult to study using clonal analysis) for regulating soma to germen signaling, such as that mediated by Dpp, for germline cyst development.
